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The growth of 4,4′-biphenyldicarboxylic acid (BDA) on Cu(001) has been studied using low energy
electron microscopy and selective area low energy electron diffraction. The emergence of large is-
lands and hydrogen bonding to perpendicularly oriented, adjacent molecules is confirmed. The two
benzene rings of adsorbed BDA are twisted along the molecular axis. Unconventional growth of the
domains, followed by a second nucleation stage, is observed at room temperature. This unanticipated
feature is attributed to the accumulation of stress in the islands. Ostwald ripening in the films and the
decay of BDA domains at 448 K exhibits features that are consistent with diffusion limited behavior.
© 2011 American Institute of Physics. [doi:10.1063/1.3641893]
I. INTRODUCTION
The self-assembly of supra-molecular nanostructures is
believed to be a viable step in the bottom-up route for deposi-
tion of functional molecular species on suitable substrates.1–6
One of the more frequently studied building blocks is BDA on
Cu(001).7, 8 It has been reported that BDA-molecules reside
on Cu(001) as deprotonated dicarboxylic species.8–10 BDA
is an organic molecule with two phenyl rings and two func-
tional carboxyl end groups. It is a non-chiral molecule, 1.3
nm in length, and is shown in Fig. 1. BDA molecules self-
assemble in a well-ordered, square two-dimensional (2D) net-
work structure on the Cu(001) surface at room temperature.7
The molecules adsorb in a flat-lying geometry and form
large domains when deposited on clean Cu(001) at room
temperature.
Calculations show that the two benzene rings constitut-
ing the free BDA molecule are twisted along the long axis
of the molecule.11 Similar twisted benzene rings have been
observed previously.12, 13 However, for BDA both rings are
expected to be in-plane when adsorbed on, e.g., Au(111).11
Adjacent molecules are rotated by 90◦ with respect to each
other. The lateral molecule-molecule interaction is governed
by hydrogen bonding, which is the driving force for the square
ordering geometry.
As exemplified in Fig. 2(a) of Ref. 7, the ordering is
almost perfect. However, the hydrogen bonds are relatively
weak which results in a relatively low thermal and mechan-
ical stability. It is the purpose of the present paper to shed
light on the growth of the domains and their thermal stabil-
ity. The present study is performed using low energy electron
microscopy (LEEM) (Ref. 14) and selective area low energy
electron diffraction (μLEED).
a)Author to whom correspondence should be addressed. Electronic mail:
b.poelsema@utwente.nl.
II. EXPERIMENTAL
The substrate used in our experiments is an atomically
clean and ultra-smooth15 Cu(001) crystal mounted in ultra-
high vacuum. It was cleaned by 48 h annealing in a H2/Ar at-
mosphere, followed by repeated cycles of Ar+ sputtering, and
prolonged annealing at 900 K. Commercially available BDA
in powder form was deposited by organic molecular beam epi-
taxy from a Knudsen-cell type evaporator. In a first deposition
experiment, the temperature of the evaporator was gradually
ramped up from 413 K to 463 K to calibrate the deposition
rate at which BDA domains are grown. A sublimation temper-
ature of 463 K yielded a deposition rate of approximately one
monolayer per hour. In subsequent experiments similar depo-
sition rates were used. The substrate temperature never ex-
ceeded 448 K during the experiments on BDA films to avoid
thermal decomposition of the adsorbed molecules.
The experiments have been carried out in an Elmitec
LEEM III low energy electron microscope with a base pres-
sure of 10−10 mbar. For imaging primary energies in the range
2–2.5 eV have been used. Under these circumstances, we
have not detected any evidence for beam induced damage of
the BDA domains during the prolonged experimental periods.
The use of about 30 eV electrons to obtain LEED (low energy
electron diffraction) patterns does lead to visible degradation
of the BDA films. The time scale of the degradation, how-
ever, still allows for the acquisition of representative diffrac-
tion patterns. We judge the accuracy of the temperature to be
±3 K.
III. RESULTS AND DISCUSSION
A. Growth at room temperature
We have first deposited BDA with the Cu(001) substrate
held at room temperature. Figure 2 shows a sequence of repre-
sentative LEEM images taken during growth. Panel (a) shows
the clean surface. The nucleation of BDA domains is observed
only after a long initiation time of about 2100 s, as witnessed
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FIG. 1. BDA comprises two phenyl rings and two identical carboxylic end
groups. C-atoms: dark grey (blue), O-atoms: slightly darker grey on the far
left and right hand sides off the molecular axis (red), and H-atoms light grey.
by the appearance of dark areas in panels (b)–(f). The BDA
domains nucleate randomly, i.e., both (mostly) on the terraces
and along the atomic steps, as shown in panels (b) and (c).
This indicates that heteronucleation on steps does not play a
dominant role. A comparison of panels (b) and (c) shows the
nucleation of many new domains. Panels (c)–(f) document the
growth of existing domains, while only a few new domains
FIG. 2. Temporal evolution of BDA domains on Cu(001) at room temper-
ature; the field of view (FoV) is 3 μm and the electron energy is 2.0 eV.
The curved features represent steps and step bunches. (a) t = 0 s: the clean
Cu(001) surface at the start of the experiment; (b) t = 2150 s: the start of
domain nucleation; (c) t = 2250 s and (d) t = 2550 s: existing domains grow
and several new domains nucleate; (e) t = 3022 s and (f) t = 3312 s: the
circles highlight sites at which unexpected late nucleation of new domains is
observed.
FIG. 3. (a) Typical LEED pattern of a Cu(001) surface covered with BDA
domains taken at 29 eV. The bright features refer to the zero and first or-
der Cu(001) spots. (b) Schematic of the BDA molecules in their domains on
Cu(001). See caption of Fig. 1 for the color scheme. The hydrogen atoms
have been left out.
nucleate at a late stage (compare (e) and (f)). However, here
nucleation takes place at a markedly lower rate than in earlier
stages of the experiment.
We note that the growth rates of the domains that nucle-
ated in the early phase of the experiment are quite similar,
whereas those of domains that nucleated in the later stages
can substantially differ.
One distinct feature of the growth is the complete ab-
sence of mobility of BDA domains on the surface. An at-
tempt to make them mobile by increasing the surface tempera-
ture resulted in the decay and disappearance of BDA domains
(see further below). To elucidate the structure formed by the
BDA on Cu(001), a representative μLEED pattern taken from
the Cu(001) surface covered with BDA domains is shown in
Fig. 3(a).
The LEED pattern in Fig. 3(a) has been obtained with 29
eV electrons. The bright spots are the (0,0) spot and the first
order spots from Cu(001). The sharp superstructure spots re-
veal that the BDA domains are well ordered indeed, in agree-
ment with Ref. 7. It is noted that at this energy the quality
of the LEED pattern degrades at a time scale of several min-
utes indicative of electron beam induced damage in the do-
mains at this higher energy. All domains have a well-defined
superstructure. This is also in line with the dark-field LEEM
measurements using one of the c(8×8) superstructure spots,
shown in Fig. 4. This illustrates that the intensity in the super-
structure spots indeed originates from the BDA domains.
As mentioned in the introduction, the BDA molecules
deprotonate on Cu(001) (Refs. 8–10) and self-assemble into
a well-ordered 2D structure. They are oriented in a mutu-
ally perpendicular fashion with their carboxylic end groups
hydrogen bonded to the benzene rings,7, 8 as is shown in
Fig. 3(b). The real space structure gives rise to the LEED
pattern in Fig. 3(a). It corresponds at first sight to a c(8
× 8) pattern with two glide lines along the diagonal direc-
tions ([110] and [−110]), due to two perpendicular pairs of
flat lying molecules within the unit cell. However, a close in-
spection of the LEED patterns at various energies between 2
and 27 eV (Ref. 16) reveals that, depending on the primary
energy, substantial intensity is carried by the “symmetry for-
bidden” peaks as for instance (1/8,1/8), (1/8,7/8), (3/8,5/8),
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FIG. 4. A dark field LEEM image taken by selecting one of the fractional or-
der diffraction spots from the BDA structure on Cu(001). The BDA domains
yield a bright contrast compared to the Cu(001) surface. FoV is 5 μm and
electron energy is 2.5 eV.
(5/8,3/8), and (7/8,1/8). The corresponding lower symmetry is
attributed to substantial twisting of the molecules along their
axes, as elaborated in the supporting material.16 This twisting
is known from the gas phase too.
We have analyzed the data in Fig. 2 in more detail. A few
observations are immediately evident. First, we note the long
deposition time, i.e., relatively high coverage, prior to nucle-
ation. At room temperature the onset of nucleation is only
seen after about 2100 s. The density of nuclei is quite low
at about 1.7 × 10−5 nm−2. As noted above, the system does
not show any evidence for dominant heteronucleation behav-
ior. Furthermore, the complete absence of mobility of BDA
domains is remarkable in view of the high mobility of the
individual BDA molecules and the weak hydrogen bonding
between the molecules in the domains. We focus first on the
nucleation behavior.
Figure 5(a) shows the number of domains in an image
with a field of view (FoV) of 3 μm for the experiment illus-
trated in Fig. 2. We can distinguish four regimes: (i) 0–2100
s: the build-up of a sufficiently high BDA concentration to
enable nucleation, (ii) around 2100 s: nucleation sets in, (iii)
2150–3200 s: the nucleation phase is completed (only very
few new nuclei appear) and the existing nuclei grow and ex-
pand and, most surprisingly, (iv) after about 3200 s: a sec-
ond nucleation phase sets in. This behavior is unconventional
since one typically expects the curve in Fig. 5(a) to flatten
off and even decay to lower values in later stages due to coa-
lescence. Figure 5(b) shows the accompanying average area
of the measured domains versus deposition time. As is to
be expected before coalescence, the mean size of the islands
grows linearly. It is stressed that the onset of the unconven-
tional second late nucleation regime is also apparent here. It
is intimately related to a maximum mean size of the island of
roughly 1.7 × 104 nm2 or 8.2 × 103 BDA unit cells. Its linear
size corresponds to 90 base vectors.
FIG. 5. (a) The number of domains as a function of deposition time within
the FoV of 3 μm (cf. Fig. 2) and deposition at room temperature. (b) The
average area of the domains versus deposition time.
The emergence of a maximum size of the BDA-islands
is unexpected and needs to be discussed here. The bind-
ing energy of a benzene ring to a Cu(001) surface is cal-
culated to be 0.68 eV.17 The entire molecule is thus rather
tightly bound with ∼1.36 eV. The influence of the corru-
gated potential energy surface of the substrate on the orien-
tation is quite dominant, as is comprehensively illustrated by
the extended square patterns of BDA on Cu(001) (Ref. 7)
and the nicely ordered LEED pattern in Fig. 2. A closer in-
spection of the cartoon in Fig. 3(b) reveals that the hydro-
gen bond length is about 0.225 nm, i.e., well above that in,
for instance, water (0.197 nm). So one may conclude, that
the BDA-domains are under tensile stress due to their inti-
mate connection with the substrate. Apparently, during the
growth beyond a linear size of more than 90 base vectors, a
critical value of the stress induced energy is passed. Think-
ing along the lines of the well-known Frenkel-Kontorova
model, the next molecules that are added can no longer be
accommodated in a potential minimum offered by the sub-
strate. Taking the values for water as a guide, the thermal
expansion coefficient of the molecular layer is about 10–40
times larger than that of copper. Therefore, the critical size
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could be strongly temperature dependent and would increase
with temperature.
Together with the data in Fig. 5(a), the linear rise in
Fig. 5(b) provides an excellent possibility to calibrate the de-
position rate. We arrive at a deposition rate of 1.0 × 10−4
monolayers per second. This number implies that the spread-
ing pressure corresponds to a molecular density of no less
than 21.5% of the condensed layer. Taking into account that
the monolayer corresponds to one molecule per 16 surface
atoms, the spreading pressure corresponds to 1.35 × 10−2
BDA molecules per copper surface atom. Unfortunately, the
island density in Fig. 2 is too low, i.e., the statistics too poor,
to apply a rate equation approach18 in order to make an esti-
mate of the critical size for nucleation or to even determine
the binding energy of the molecules in the domain.
B. Continued growth of the BDA domains at 448 K
Slow heating of the substrate from room temperature to
448 K leads to a gradual decay of the BDA domains. This
is attributed to a 2D-sublimation of the BDA molecules as a
result of a subtle interplay between the intermolecular forces
and their registry with the surface. The molecules become part
of the 2D diluted phase on the surface, as will be discussed
further below. At 448 K the BDA domains have disappeared
completely, as illustrated in Fig. 6(a). After the stabilization
of the temperature at 448 K, we have reopened the shutter of
the Knudsen cell. The starting point (new time origin) thus
corresponds to a concentration of 34.6% of a monolayer in
the dilute phase, or 0.022 BDA molecules per copper surface
atom. The surface morphology that evolves at a deposition
rate of 1.0 × 10−4 monolayers per second is shown in Fig. 6.
It takes a prolonged time before resumed nucleation of do-
mains sets in. This occurs at a total BDA coverage of about
0.72 monolayers, corresponding to about 0.045 molecules per
copper surface atom. Again the new domains are formed on
the terraces.
Figure 7 shows the evolution of the number of nuclei
and their average size during deposition. Nucleation occurs
after 3715 s and the average size increases linearly. This time,
no deviation from normal nucleation and growth behavior is
detected, i.e., no evidence is found for a critical island size
and the consequent second stage nucleation events in the ob-
served coverage regime. Considering the fact that the sys-
tem is at a 155 K higher temperature, this is in line with the
earlier explanation. Again comparing to the thermal expan-
sion coefficient of water, which is about 10–40 times larger
than that for copper, the hydrogen bond length at 448 K may
be increased by several percents compared to that at 293 K.
As a result the tensile stress will be much lower and there
is no longer an apparent reason for a restricted size of the
domains.
However, Fig. 7(b) illustrates another unexpected obser-
vation. From the slope of Fig. 7(b), we conclude that the inte-
grated growth rate of the domains is about 2 × 10−3 monolay-
ers per second. This value is a remarkable factor of 20 higher
than the one obtained at room temperature, with identical set-
tings of the Knudsen cell! This can be rationalized by the fact
FIG. 6. BDA deposition and growth at 448 K. Bright spots visible in the top
right side of the images are defects in the detector. FoV is 3 μm and electron
energy is 2.5 eV. (a) t = 3697 s: single surface atomic steps and step bunches
appear as curved features; (b) t = 3720 s: nucleation of three BDA domains;
(c) t = 3730 s, (d) t = 3798 s, (e) t = 3765 s, and (f) t = 3837 s, illustrate
the growth of domains and the nucleation of some new domains. The integral
coverage in terms of monolayers is 0.716, 0.718, 0.719, 0.723, 0.726, and
0.730, respectively.
that nucleation involves a Gibbs free energy barrier, which is
constituted by the interplay between the cost term for the in-
terface (domain boundary) and the gain term determined by
the supersaturation, μ, for molecules within the domains.
For 2D condensation the interface term is proportional to the
boundary length of the nucleus and the areal term corresponds
to the size of the nucleus. The latter is proportional to the
coverage, θ , while the former scales with
√
θ . Obviously, the
latter always prevails at high coverage in the case of supersat-
uration. Note that we deposit material at a fixed rate. There-
fore, the supersaturation is much higher at room temperature
than at 448 K. Since the Gibbs free energy barrier for 2D nu-
cleation is proportional to 1/μ,19 it is much higher at 448 K.
The higher growth rate of the BDA domains at 448 K can now
be explained by a substantial contribution from the 2D diluted
phase after nucleation. After 3795 s, the integrated coverage
of the domains is 0.15 ML. At that point the density of the di-
luted phase is still equivalent to 0.68 ML or 0.042 molecules
per copper surface atom. Eventually the growth rate should
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FIG. 7. The data are taken from the images shown in Fig. 6; (a) the number
of domains versus deposition time with the substrate at 448 K and (b) the
mean domain size versus deposition time.
level off. Unfortunately, the nucleation stage has not yet been
concluded (cf. Fig. 7(a)), so we cannot determine the corre-
sponding spreading pressure20 at 448 K. However, one can
take the density of 0.042 molecules per copper atom as an
overestimate. With the value of 0.014 at room temperature, we
obtain an upper estimate of the 2D cohesive energy for BDA
on Cu(001) corresponding to about 0.08 eV per molecule.
This value is in the range expected for weak hydrogen bonds.
As mentioned above, a comparison of Figs. 5 and 7 shows
that the integrated expansion rate of the domains differs by a
factor of ∼20, being higher at 448 K than at room temper-
ature. Finally, the question may then be raised how accurate
the deposition rate, as determined from Fig. 5(b), really is.
To answer this question, it is reminded that the high expan-
sion rate of the domains, as shown in Fig. 7(b), is attributed
to post-nucleation contributions from the 2D diluted phase as
a consequence of a high free energy barrier for nucleation at
448 K. Since the supersaturation is much higher at room tem-
perature, and consequently the free energy barrier for nucle-
ation is much lower, we estimate that the previously derived
deposition rate is accurate.
FIG. 8. 3 μm FoV LEEM images acquired at an electron energy of 2 eV;
(a) T = 296 K: the BDA domains were grown by the deposition of BDA
molecules, as described in the text; (b) T = 417 K: the domains decay with
increasing surface temperature; (c) T = 428 K: all BDA domains have com-
pletely vanished (the small black spots are due to damage in the channel
plate); (d) T = 320 K: the BDA domains reappear upon lowering the surface
temperature; (e) T = 314 K and (f) T = 296 K: the BDA domains grow in
size with decreasing surface temperature.
C. Thermal stability of the BDA domains
Closing the shutter after prolonged deposition at 448 K as
described above leads to a gradual disappearance of the BDA
domains, i.e., the islands sublimate in 2D: the molecules form
a diluted or 2D gas phase. This process can be suppressed by
lowering the substrate temperature as demonstrated in Fig. 8.
Figure 8 initially shows three BDA domains present on dif-
ferent terraces (panel (a)). Increasing the temperature leads to
a decay of these islands (panel (b)) and finally their complete
disappearance (panel (c)) as a result of 2D sublimation. This
is corroborated further by the fact that the islands reappear
upon lowering the surface temperature (panels (d)–(f)). This
temperature cycle can be repeated as often as desired. A com-
parison of panels (a) and (f), both recorded at 296 K, reveals
that the lateral distribution and the size distribution of the is-
lands depend on the thermal history (temperature trajectory
and rate of change). It is also evident that the islands nucleate
at different sites, supporting the argument for homogeneous
nucleation.
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FIG. 9. The temporal evolution of a few domains at 373 K, marked in the
inset with a FoV of 3 μm and electron energy 2.5 eV.
D. Ostwald ripening
It is well known that for circular structures with a fi-
nite radius of curvature, r, the equilibrium density of the
diffusing particles in the immediate vicinity of the island,
ρr, differs from the equilibrium density for infinitely large
islands, ρ∞, and is given by the Gibbs-Thomson relation:
ρr = ρ∞ exp[γ/kTr], with γ the line tension of the edges
and  the area per molecule. ρ = (ρr − ρ∞) is the driv-
ing force for growth or decay. If the presence of neighbor-
ing islands is neglected, the asymptotic decay of an island is
given by:  = C(t0 − t)α , with C a constant. The time ex-
ponent α depends on the physics and equals, for instance, 1
for interface limited decay and 2/3 for diffusion limited is-
land decay.20–22 In the diffusion limited case the rate of mass
transport is determined by the gradients in the particle density
on the terraces,23, 24 Diffusion limited decay (or ripening) thus
leads to a significant influence of the island positions on the
rate of change of the island area. For example, 2D Ag-islands
on Ag(111) decay with different rates, despite having a simi-
lar size.
Ostwald ripening also occurs for the BDA/Cu(001) sys-
tem at 373 K, as illustrated in Fig. 9. Substantial changes in
island areas take place on a time scale of hundreds of sec-
onds. The results clearly demonstrate substantial ripening ef-
fects and diffusion limited behaviour. The general observation
is that the larger islands survive at the cost of smaller ones. Is-
lands of similar size may show growth or decay, depending
on their local environment. Even a crossover between growth
and decay is observed in a few instances.
E. Temporal evolution of BDA domains at 448 K
We will now attempt to determine the characteristics of
the island decay at a more elevated temperature of 448 K.
After the growth of domains at 448 K the deposition is
stopped. Figure 10 shows the temporal evolution of the area,
, of domain A (see inset), Its location on the large terrace
defines a relatively isolated, well-defined configuration: i.e.,
FIG. 10. Temporal evolution of BDA domain A (see inset) as grown by de-
position of BDA on Cu(001) at 448 K. The decay of domain A (see inset;
FoV is 3 μm and electron energy is 2.5 eV.). The circles show the experi-
mental data and the solid curve is a fit of the domain area as a function of
time to  = C(t0 − t)α . The resulting time exponent α = 0.61 ± 0.05.
no other domains are in its close vicinity and steps do not act
as sinks for adsorbed BDA. The best fit to  = C(t0 − t)α is
obtained for α = 0.61 ± 0.05. This behavior reveals that diffu-
sion limited decay still applies for the decay of BDA domains
on Cu(001). Similar behavior has been observed for PTCDA
on Ag(001).25
IV. SUMMARY AND CONCLUSIONS
Using LEEM and μLEED we have studied the growth
and stability of BDA domains on Cu(001). Preliminary results
confirm the formation of large islands with a square arrange-
ment of the individual BDA molecules. Adjacent molecules
are oriented in a perpendicular fashion and their interaction
is consistent with hydrogen stabilized bonds. μLEED reveals
that the benzene rings are twisted along the intramolecular
axis. Growth at room temperature shows unconventional nu-
cleation behavior: Nucleation occurs late and the subsequent
growth of BDA domains is interrupted when the islands reach
a linear size of about 90 units. This feature is attributed to the
accumulation of (tensile) stress, which is no longer the case
at 448 K. Classic Ostwald ripening is observed in island en-
sembles at 373 K. The decay of a large island at 448 K in
a well-defined geometry shows scaling behavior with a time
exponent α = 0.61 ± 0.05. This is indicative of diffusion lim-
ited decay, in agreement with the observed Ostwald ripening
features.
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